Abstract Rats have long been the animal of choice for research in the field of osteoporosis. In the search for a complementary large animal model the sheep appears useful but hitherto the extent of bone loss from the spine has failed to reach a level that is generally accepted as osteoporotic in humans. Osteoporosis was induced in ten sheep using ovariectomy, low calcium diet and steroid injection for 6 months. Bone samples of iliac crest (IC), lumbar spine (LS), and proximal femur (PF) from the osteoporotic sheep were compared with those from four normal sheep using densitometry, histomorphometry, biochemistry and basic mechanical testing. The differences were examined using an analysis of variance with Tukey-Kramer test. Overall, the bone mineral density at LS and PF decreased more than 25% after treatment. Trabecular bone volume decreased by 29.2, 33.4 and 42.6% in IC, LS and PF, respectively. The failure load of the LS in axial compression was reduced to 2,003 from 6,140 N. The extent of bone loss was sufficient to categorise these sheep as osteoporotic although the pattern of bone loss varied between sites. Reduced mechanical competence in LS confirmed the suitability of this model for evaluation of potential treatments for osteoporosis.
Introduction
Various animal models have been utilised to investigate the osteoporotic condition in order to facilitate preclinical testing of pharmaceutical agents and to evaluate treatment options. The ideal animal model should mimic the anatomy, biomechanics, cell biology and pathological changes seen in the human skeleton [40] , and at the same time should be reproducible, meet appropriate ethical standards and be economical and efficient. Most basic investigations of osteoporosis have been conducted in the rat [17] but this model has limited utility because it lacks true lamellar bone and hence does not undergo trabecular remodelling in the same way as human bone, especially in younger animals [11] . Long-term bone loss following ovariectomy alone in the rat is not as dramatic as the bone loss in postmenopausal women [37] and cortical bone studies are limited due to the absence of Haversian systems. Importantly the rat is too small to permit major orthopaedic surgical procedures. Consequently, there is a need for a large animal model for use in osteoporosis-related research to facilitate preclinical evaluation of pharmaceutical [12] as well as surgical and mechanical treatments.
In order to meet this demand many large species including dogs, cats, mini pigs, sheep and non-human primates have been used [27] . Of these animals, the sheep may be a useful model for bone related studies for many reasons: (1) the size and mechanical characteristics of the skeleton are comparable to humans which makes their large vertebral bodies more suited to conventional surgical procedures [41, 44] ; (2) older sheep display Haversian bone remodelling [41] ; (3) they are genetically closer to humans than rodents and mice; (4) ewes ovulate spontaneously and have sex hormone profiles similar to women; (5) the oestrus cycle in Australian Merino sheep is almost continuous [29] ; (6) they are docile and easy to handle; (7) they are relatively inexpensive to maintain and are available in large numbers in most countries; (8) they usually present fewer ethical concerns than the use of domestic pets and non-human primates.
The main challenge associated with the use of sheep for osteoporosis studies however is that they do not naturally attain the same degree of bone loss within their adult life (3-8 years) as humans which have almost a 10-fold longer period of development. Previous studies have shown that sheep develop osteopaenia at various sites to different extents following ovariectomy [16, 27, 28, 42] , chronic steroid therapy [7, 10] or dietary manipulation [9] or combinations of these treatments [13, 14, 19-21, 29, 32, 33, 42] but invariably either the BMD of the lumbar spine was not investigated as these studies were focussed more on developing models for repair of long bone fractures or if the spine was investigated the reduction of BMD fell substantially short of the generally accepted definition of osteoporosis in humans, which is BMD B 25% of the young normal value [24] .
The aim of this study was to develop a model of osteopaenia in mature sheep with the principal characteristics of bone loss in osteoporotic humans. Specifically we wanted to induce at least 25% bone loss in the lumbar spine and proximal femur since these sites have the highest likelihood of fracture in humans [24] . A regimen combining ovariectomy, low calcium diet and weekly steroid injections was used, remaining mindful that it should occur in a relatively short time frame to minimise the impact of the known side effects of chronic steroid treatment. Thus we hypothesised that ewes on this treatment would lose in excess of 25% of bone mass. The densitometric, histomorphometric, biochemical, and biomechanical properties of bone from these skeletal sites were assessed at baseline and after 3 and 6 months to determine the suitability of the sheep as a large animal model of osteoporosis.
Materials and methods

Animal preparation
With Institutional Animal Ethics Committee approval 10 3-year-old Merino ewes (mean weight 52.3 ± 0.1 kg) were bilaterally ovariectomised under general anaesthesia induced by 1 g Pentothal (Jorox Pty. Ltd, Australia) and maintained by 2% Halothane. They were housed in barren pens and fed a manufactured diet of wheat chaff, which is the ''above ground'' fraction of the cereal plant that remains after removal of the grain following harvest [36] and processing through a 5 mm screen. This diet is composed of 86% dry matter (DM); 2.9% crude protein; 5.8-6.0 Metabolizable Energy (MJkg DM); 0.15-0.18% Calcium; 0.07% Phosphorus; 2.35:1 Ca:P ratio. The ovariectomised sheep received weekly intramuscular injections of 54 mg dexamethasone [6 ml Dexafort (Intervet, Australia)] and 1.5 ml dexamethasone sodium phosphate (Mayne Pharma) for 6 months. After 3 and 6 months five animals were killed by intravenous injection of 7 g sodium pentobarbitone (Lethabarb, Virbac Pty. Ltd. Australia). These sheep comprised the treated group. Four control animals aged 3 years (mean weight 55.1 ± 0.8 kg) underwent sham abdominal surgery and were killed at baseline and after 6 months (two at each time point). The control animals were fed a normal diet and received no steroids. All animals were weighed weekly.
BMD measurements
Dual-energy X-ray absorptiometry (DXA) (QDR 2000, Hologic Inc, Waltham, MA, USA) with standard software (Version 7.10b) was used to monitor bone mineral density (BMD) of the lumbar spine (L2-L5) and a defined region of the left proximal femur (vide infra) at the start and 3, 5 and 6 months after the commencement of treatment. The animals were scanned in life under general anaesthesia and again immediately after death using Array Spine mode in the supine position with foam wedges to ensure that true anterior/posterior images were obtained. As femoral BMD could not be determined using standard human regions of interest (ROI) due to the short femoral neck a modified manual method was used. In brief the femur was scanned with the left hind limb abducted from the physiological ''flexed'' normal position in the sheep, without rotation and perpendicular to the spine, to maximise visibility of the femoral neck. The limb was taped to the scanner bed to prevent movement. The femur was analysed with two fixed subregions extending 3 cm distally from the superior lateral margin of the greater trochanter and bisecting the femoral shaft along the midline (Fig. 1) .
Biochemical analysis
Venous blood samples were collected weekly to isolate serum for measuring degradation products of Type I collagen c-telopeptide (b-CTX), a marker for bone resorption, by an Elecsys Ò b-Cross-Laps electrochemiluminescence immunoassay (Roche Diagnostics, Australia). 
Histology
Biopsies were taken from the right anterior superior iliac crest (IC) using an 11G Jamshidi trephine at baseline and a second biopsy was taken at necropsy. The entire lumbar spine (LS) from each sheep was harvested after death. Individual vertebral bodies were isolated by removing posterior elements at the pedicle and processed as follows: L1 was wrapped in gauze that was soaked with normal saline and stored at -20°C for subsequent biomechanical testing. A mid-sagittal slice of L2 and IC biopsy were fixed in 10% formalin, dehydrated in graded ethanol solutions and embedded undecalcified in methyl methacrylate (MMA). Mid-sagittal slices of L3 and L4 were decalcified in ethylene diaminotetraacetic acid, processed into paraffin wax, sectioned at 5 lm using a sledge microtome and stained with van Gieson [43] . Sections from L2, L3 and L4 were used to determine cancellous bone structural parameters and cortical thickness. The L6 vertebra was ashed (vide infra) to determine bone mineral content and to validate the DXA data. L5 was reserved frozen as per L1, for prospective studies. A representative sample measuring approximately 10 mm 9 10 mm 9 2 mm was taken from the intertrochanteric region of the proximal femur (PF) after death to determine cancellous bone structural histomorphometric parameters. These specimens were fixed in 10% formalin and embedded undecalcified in MMA as previously described. A transverse section of the mid femoral shaft was retained in 70% of ethanol for future investigation.
Histomorphometry of cancellous bone
From the undecalcified samples of IC, LS and PF, 5-lm thick histological sections were prepared using a Polycut SP2600 microtome (Leica, Heidelberg, Germany). The sections were stained by the von Kossa (VK) silver impregnation method to determine cancellous bone volume/total volume (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm) and trabecular number (Tb.N, number/mm) using a Quantimet 500 computerised semiautomatic image analyser (Leica, Cambridge, UK).
Histomorphometry of cortical bone
Cortical bone thickness was measured from van Giesonstained sections of L2, L3 and L4 vertebrae. In brief images were captured using the Quantimet 500 Image Analyser and an Olympus BX51 light microscope. Cortical bone was delineated by tracing around, and then removing, the cancellous fraction in the images with a cursor on the screen. Bone volume as a fraction of the total volume was obtained by adjusting the binary threshold to a grey level that detects all of the bone area but not the background [31] . The femoral shaft was cut at the central region using a band saw and the cortical thickness was measured manually at eight regular points around the diameter using digital calipers. The diameters of the medullary cavity and the femoral shaft were measured in a similar manner.
DXA and biomechanical testing L1 vertebrae were thawed at room temperature in normal saline. BMD was measured in the cranio-caudal plane by dual-energy X-ray absorptiometry (DXA) on a GE-LUNAR Prodigy Vision (Madison, Wisconsin, USA) using small animal software (version 8.10) with results reported using ashed bone calibration. The cranio-caudal plane was selected since the subsequent mechanical testing on the vertebrae was conducted in the same plane. In this way the BMD of the spinous processes was selectively excluded from the analysis. After DXA scanning the vertebral endplates were embedded in dental cement (Vertex-Dental BÁV., The Netherlands) between two parallel plates and a pure compressive load was applied at 1 mm/min using a Hounsfield HK25T materials testing machine (High Wycombe, UK). A load displacement curve was created, from which Fig. 1 BMD of femur was analysed using two fixed subregions (R1 and R2) extending 3 cm distally along the femoral shaft from the superior lateral margin of the greater trochanter and bisecting the femoral shaft along the midline. These regions of interest were created on the baseline scan and copied onto each subsequent scan to minimise variation in the region analysed ultimate failure load (N) and elastic stiffness (N/mm) were determined. Linear regression analysis was applied to BMD and ultimate failure load data.
Ash weight
Bone mineral content (BMC) was determined ex-vivo in the L6 vertebrae by DXA using the GE-Lunar Prodigy Vision bone densitometer. The vertebrae were weighed and heated over 4 days at temperatures increasing from 160 to 800°C and the proportion of mineral ash in each vertebra was expressed as total weight (g) and ash weight/wet weight (%). Linear regression analysis was applied to BMC and total ash weight data.
Statistical analysis
All data were expressed as mean ± standard error of the mean (SEM). An analysis of variance with Tukey-Kramer post hoc comparison of means (Statistical Analysis Software, SAS Institute, NC, USA) was used to test for differences between the treated and the control groups. Linear regression was carried out using Excel software (Microsoft, Redmond, WA, USA). Minimum statistical significance was set at P \ 0.05.
Results
General observations
The average body weight of sheep in the control and treatment (osteoporotic) groups was not significantly different at the beginning of the study and there was no significant difference after 6 months (63.5 ± 1.0 kg, n = 2 and 64.5 ± 4.7 kg, n = 5, respectively). One animal from the 6-month treated group lost 5 kg in weight over 3 weeks towards the end of the study period. It was euthanized 2 weeks earlier than scheduled and was included in the 6 month treated group.
Bone mineral density BMD of the (pooled) LS from the treated animals decreased on average by 21.1% after 3 months (P \ 0.001) and by 29.5% after 6 months (P \ 0.001) from baseline (Fig. 2a) . During the last month of treatment BMD of the LS was reduced further by approximately 1% (Fig. 2a) . In the 6-month treated sheep BMD of the LS (L1-L5) decreased by 37.5% compared with the 6-month controls (P \ 0.001, Fig. 2a) .
The change in individual vertebrae was not statistically different from the pooled values (data not shown). There was no significant change in LS BMD in the controls after 3 months and only a slight but insignificant increase after 6 months (Fig. 2a) . BMD in the PF of the treated animals decreased from baseline by 13.9% after 3 months (P \ 0.005) and by 29.1% after 6 months and by 46.3% from the 6-month controls (P \ 0.001, Fig. 2b ). The decline in PF BMD slowed during the last month of treatment such that there was only a 1.5% reduction in this period (Fig. 2b) . The BMD of the PF from the 6-month control sheep increased by 17% compared to the baseline control (NS).
Biochemistry
Serum CTX was markedly elevated in the treated animals during the first 5 weeks (P \ 0.01) after which it declined towards baseline level near the conclusion of the study (Fig. 3) .
Cancellous bone
The effect of treatment on the trabecular bone from LS, PF and IC was evident from low power microscopy of stained tissue sections (Fig. 4) . Histomorphometric analysis showed that the IC BV/TV decreased by 14.9% after 3 months (NS) and 27.1% after 6 months of continuous treatment (P \ 0.01) from baseline ( The pooled LS BV/TV decreased by 22.1 and 29.2% after 3 and 6 months of treatment, respectively (P \ 0.01).
Tb.Th in the LS decreased by 26.7 and 33.4% over the same time period (P \ 0.01). BV/TV and Tb.Th in the LS from the 6-month treated animals were 26.8 and 33.3% lower than the 6 months controls (P \ 0.05). Tb.Sp and Tb.N were not significantly altered (Table 1) .
BV/TV in the PF decreased by 44.5 and 42.6% from the baseline controls (P \ 0.05) and Tb.Th decreased from baseline by 29.4% after 3 and 6 months of treatment (NS). BV/TV in the PF decreased after 3 and 6 months treatment by 48.9 and 51.1% relative to the 6-month controls (P \ 0.01). Table 1) . Tb.Sp of trabecular bone from the 6-month treated sheep increased by 115% from the 6-month controls while Tb.N was reduced by 39% (P \ 0.01).
Cortical bone
Cortical bone thickness in L2, L3 and L4 vertebrae (pooled) decreased from baseline by 34% after 3 months and by 47% after 6 months of treatment ( Fig. 5a , P \ 0.05). The difference between the 6-month treated sheep and controls was 44%. After 3 and 6 months, cortical bone of the femoral shaft thinned by 27 and 30%, respectively, from the baseline controls (P \ 0.01) (Fig. 5a ). The diameter of the medullary cavity of the femoral shaft increased over 13% after 6 months of treatment compared with the 6-month controls (P \ 0.05, Fig. 5b ). The cortical bone of the femoral shaft in the 6-month treated animals was 27% thinner than the 6-month controls (P \ 0.05).
Biomechanical testing
After 3 and 6 months of treatment failure load (N) of the L1 vertebrae was reduced to 2,490 and 2,003 N from 6,590 to 6,140 N in the baseline and 6-month controls, respectively (P \ 0.05). Elastic stiffness decreased in both 3 and 6-month treated groups (NS) (Fig. 6a) . Failure load and BMD were positively correlated (R 2 = 0.72, P \ 0.01) (Fig. 6b) . Testing the significant differences of the histomorphometry data from the 6-month treated with the baseline ( P \ 0.05, à P \ 0.01) and 6-month control sheep (* P \ 0.05, ** P \ 0. Ash weight BMC and total ash weight of the L6 vertebrae decreased on average by 38.5 and 39.1%, respectively, after 6 months of treatment compared with the 6-month controls (P \ 0.01) (Fig. 7a) . Ash weight of L1 correlated with BMC determined ex vivo (R 2 = 0.99, P \ 0.001, Fig. 7b ).
Discussion
Perhaps the most significant observation from this study, which was undertaken to characterise a potential large animal model of osteoporosis, was the progressive reduction in BMD at two remote anatomical sites (the lumbar spine and proximal femur) within 3 months of commencing treatment, with a sustained effect after 6-months. In general the combination of long-term corticosteroid, minimal dietary calcium and total ovariectomy that resulted in this bone deficit did not adversely affect the general health of the sheep, and even though all animals gained weight during the course of the study they were not obese. Bone loss at both anatomical sites was in excess of 25% (after 5 months of treatment) which is sufficient to categorise these animals as osteoporotic [24] supporting the stated hypothesis and suggests that the mechanism of bone loss could differ temporally as well as anatomically. Bone loss has been reported previously at various skeletal sites in sheep following ovariectomy [5, 16, 27, 28, 42] , chronic steroid therapy [7, 10] or dietary manipulation [9] , but in none of these studies, could these animals be classified as osteoporotic by standard definitions. Other studies have implemented combination treatments to induce osteoporosis in sheep [13, 14, 19-21, 29, 32, 33] and although such treatments have resulted in further bone loss compared to the single treatments, lumbar spine BMD was either not reduced significantly [13, 29, 32, 33] or it did not achieve the minimum of 25% bone loss [20, 21] required to classify them as osteoporotic. The current study was undertaken in an attempt to achieve more substantial bone loss in the lumbar spine of domestic sheep, a large animal that is frequently used for experimental studies. Based on an existing osteoporosis-induction protocol [18] [19] [20] that showed the greatest extent of bone loss further modifications were made in the Australian Merino sheep, in particular to the diet but perhaps more importantly to the type of steroid administered, with special emphasis on the dosing regimen. The harmful effects of corticosteroids on bone physiology are well documented but the combination of Dexafort Ò and dexamethasone sodium phosphate used in this study, providing both rapid onset and prolonged activity, effectively reduces the daily dose by 25% as well as reducing the stress associated with the daily injections. This is a significant advance on previous studies not only because it has resulted in more substantial and significant bone loss but it has been achieved with less steroid which must improve animal welfare. Furthermore, it could be speculated that the Australian Merino sheep is a more suitable breed than Swiss mountain sheep since its oestrus cycle is almost continuous as in humans [29] which may be an advantage in an animal model of human disease.
DXA scanning is a relatively non-specific measure of bone composition but the strong correlation between BMD and ash weight in the lumbar spine demonstrated its reliability in this model. It is interesting to note that the reduction of BMD in the proximal femur of the treated animals was greater than in the axial skeleton after 6 months compared with the 6 months control animals. It has been reported that in women aged over 65 years the average reduction in femoral neck BMD is -2.6 compared to -1.7 in the lumbar spine (L1-L4) [15] , which is comparable to this sheep model.
The study ran for 6 months as scheduled but the minimal change in BMD of the lumbar spine and the proximal femur during the last month of treatment suggests that 5 months of continuous treatment may be sufficient to develop osteopenia in this model. Furthermore significant changes in BMD between the baseline and 6 month control animals may indicate some seasonal influence on bone status as described previously [9, 16, 29, 42] and for this reason it is essential to include appropriate control groups to make valid comparisons [41] .
Other measurement instruments such as serum CTX, which reflects total collagen breakdown and therefore is a surrogate measure of bone turnover, contribute to understanding how bone loss occurs. The sharp rise in CTX during the early weeks of treatment indicates that systemic bone resorption has been elevated initially, consistent with observations in humans with glucocorticoid-induced osteoporosis [4, 22] . After the initial increase, however, the level of CTX started to decrease until after 6 months there was no significant difference between controls and treated animals. It has been suggested that the continued bone loss in glucocorticoid-induced osteoporosis was the result of impaired bone formation rather than bone resorption [7, 34] . Furthermore the pattern of CTX changes seen in this study was also similar to the changes reported in sheep after ovariectomy alone [8] . It has been suggested the loss of oestrogen secretion after ovariectomy will increase the bone turnover as shown by the increase in bone markers [8] . Consequently, combined of the influence of glucocorticoid and lack of oestrogen secretion may explain the return of CTX to a normal level after the initial peak. However, biochemical markers of bone turnover, such as CTX, appear to be useful in assessing early response to therapy, and they are weakly related to subsequent changes in BMD [5] .
The histomorphometric data indicate that cancellous bone volume at three anatomically distinct sites (iliac crest, proximal femur and lumbar spine) was significantly reduced in all treated animals. In the iliac crest and the lumbar spine this was due mainly to thinning of existing trabecular elements rather than a decrease in connectivity. This has also been reported after corticosteroid therapy in humans and rats [6, 26] . In contrast there was thinning as well as wholesale loss of trabeculae (and hence connectivity) in the proximal femur, more like the situation observed in postmenopausal osteoporosis [1] . We speculate on the basis of these findings that the mechanism of bone loss at the tissue level could differ not only with duration of treatment but also between different skeletal sites. Based on this hypothesis the impact of treatment would be more marked in the proximal femur than either the lumbar spine or the iliac crest but the underlying mechanism of bone loss in this model needs to be validated. Nonetheless it lends further support to previous observations of a site-specific effect of bone loss in sheep models [20, 42] .
The effects of this treatment regimen are not confined to cancellous bone. Cortical bone thickness in the femoral shaft and lumbar spine was reduced significantly after 6 months of continuous treatment. This is substantially more than the 8% reduction reported in diaphyseal cross sections of tibiae of sheep after ovariectomy and 6 months of glucocorticoid treatment [34] . Glucocorticoid treatment in rats causes increased bone resorption in the endosteal region resulting in thinning of the cortical walls [30] . Cortical bone thinning in the distal forearm of postmenopausal asthmatic patients treated with glucocorticoids has been reported [38, 39] . Thus it is likely that the effects observed in the femoral shaft of the treated sheep were the result of endosteal bone resorption, a notion supported by the increased medullary area of the femoral shaft. The extent of cortical bone loss is clearly site specific, similar to that seen with the cancellous bone of the lumbar spine and the proximal femur.
Clinical studies have shown that reduced BMD is associated with increased susceptibility to vertebral fracture [3, 35] . Consequently, the significant reduction in BMD as early as 3 months from the start of induction could account for the substantial changes in biomechanical properties of bone in this model. There was also a strong relationship between bone density and bone strength in the lumbar spine, consistent with previous reports [25] . Furthermore, reduced cortical bone thickness would impair the biomechanical properties of bone in this model since the relationship of cortical BMD and geometry to bone strength has also been documented [2] . Other factors such as trabecular architecture, tissue properties and microdamage are important for maintaining the mechanical integrity of bone [23] and should be investigated further in this model. Nonetheless, the significant impact of osteoporosis on the mechanical loading characteristics of the lumbar spine confirms the suitability of this model for developing and testing new surgical strategies for treating vertebral osteoporosis. This large animal model does not mimic either postmenopausal or corticosteroid-induced osteopenia in humans. Nor is that the intention. It is a model of severe bone loss that is achieved in a relatively short period and one that could be utilised for preclinical trials of specific pharmacologic or surgical treatments or intervention for osteoporosis of the lumbar spine as well as other clinically relevant sites [13] . Despite the obvious advantages of this model there is still limited information about bone physiology in sheep generally and the underlying mechanisms of bone loss in particular. Thus further studies, including molecular, dynamic histomorphometry and in vitro investigations, are needed to further characterise this animal model.
